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Identification of the drought tolerance involved
candidate genes in foxtail millet through an integrated
meta-analysis approach
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Abstract

Drought stress is one of the most important factors limiting production in the agricultural sector. The use
of drought-tolerant alternative plants with high water use efficiency is of great importance. Foxtail millet
(Setaria italica L.) is one of the important drought tolerant fodder and food grains in semi-arid regions. In
this study, drought stress associated QTLs were collected and located on the integrated genetic map of
millet chromosomes. From a total of eight studies, 386 QTLs associated with yield controlling traits
including plant height, water use efficiency, plant biomass, root length and panicle length were collected
in foxtail millet. Under drought stress and normal irrigation conditions, 96 and 287 QTLs were collected
and projected on the reference consensus genetic map, respectively. The meta-analysis of QTLs was
conducted using BioMercator software V4.2. A total of 32 meta-QTLs (MQTLs) were detected on 9
foxtail millet chromosomes with a confidence interval of 3.4 times lower than the average of the original
QTLs. In order to investigate the pattern of gene expression in the MQTL regions, available microarray
and RNA-seq data sets in the databases were analyzed. Based on the achieved results, 95 and 2172
differentially expressed genes at drought conditions were identified in 4 MQTLs with a CI of less than 1
Mbp and in all MQTL regions, respectively. Also, eight key genes were identified by the hub analysis
which belong to transcription factors and regulatory elements. We hope that the results of this study
would be useful for marker assisted selection (MAS) and foxtail millet breeding programs with the aim of
development of new high yielding drought-tolerant genotypes.

Keywords: Setaria italica L., Drought stress, MQTL regions, Differentially expressed genes, Hub
analysis.
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Table 1. Bibliography of QTL studies involved in drought tolerance in foxtail millet used for meta-QTL analysis

Parents of population Population Genotyping Population Projected of Reference
type assay size initial QTLs
1 S.italica cultivar ‘*“Yugul/ S. .
viridis accession ‘W53 RIL SSR 190 12 (Qie et al., 2014)
2 S.italica and S. viridis RIL SSR 153 2 g%i%f;Stian et al,
3 S.viridis accession, A10/ S. italica
accession, B100 RIL SNP 176 41 (Feldman et al., 2018)
4 S.viridis accession, A10/ S. italica (Ellsworth et al.,
accession, B100 RIL SNP 176 19 2020)
5 S.viridis accession, A10/ S. italica (Feldman et al,
accession, B100 RIL SNP 217 2 2017), (2013)
6 S.viridis accession, A10/ S. italica (Mauro-Herrera &
accession, B100 RIL SNP 184 244 Doust, 2016)
7 Longgu7andYugul RIL SNP 164 61 (Liu et al., 2020a)
8 S.viridis (A10) / S. italica (B100) RIL SNP 217 5 (Feldman et al,

2017), (2014)
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Table 2. List of RNA-seq and microarray studies used for identification of the drought-responsive genes in foxtail millet

Reference Type of Parents of population Developmental
analysis stage

(XU etal., 2019) RNAseq S. italica cultivar “Damaomao” and drought-sensitive seedling
“Hongnian”

(Liu et al., 2016) RNAseq siagolb mutant foxtail millet variety Yugul seedling

(Qietal., 2013) RNAseq Foxtail millet seeds of Yugul seedling

(Tangetal., 2017)  RNAseq S. italica cultivars ‘Yugul’ (drought-tolerant) and ‘An04’ seedling
(drought-sensitive)

(Shi et al., 2018) RNAseq E1 (maternal line), H1 (paternal line), F1 hybrid M79, a seedling
drought resistant variety and H1 is a drought-tolerant cultivar.

(Yietal., 2015) Microarray  Foxtail millet inbred line Yugul seedling

(Shi et al., 2018) RNAseq Four-leaf-stage foxtail millet seedling
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Figure 1. Distribution of the identified QTLs on the foxtail millet linkage groups
140
120 117
w2
-
100
(@
— 79
£ a0
g=| 66
Gy
60
° 48
B 37
g 40 )8
Z.
20
I 7
1
0 ||
Biomass Height Node  Water status Tillering Yield Root Panicle
number length

Traits Associated with Drought Tolerance

SNis a Jess 4 g e Cdo a w by e sLQTL slass - IS
Figure 2. Number of the original QTLs that are associated with each drought tolerance related trait

T



e S5 Jaz s Jets 556l gl plalis

5 (IS dezes BLSl 3 6355 Cs Sdeo b (UGSF332
Dlaabl bl Sols L YMQTL sl | ojled psssns S
MQTLL MQTL2 MQTL3 .ii LolKe 0 g sl £/AV
~UGSF691) (UGSF713- UGSF732) (sl Sl oy 3l
i)l Slis L (UGSF697-UGSF701) 5 (UGSF686

¥ s 5T USE) dizes LU 3 O canss 55 Sas

Soeslaal b SES A 4 s c«lg soj b
4T 5 s Sudl 5 gl IS slaesls

Lyl 5 55 RNA-Seq asdlls s 5 sdels 4 il alal
ol S s 31l Olo ghls 0 AT sl Sas i
55 ol Ole 2l 03 TYE 5 ol LRl 05 T ol
YUy Sl 05V St i bl s o T andlas
Azl ol Jials 03

S 4 Sl s MQTL 15 s Bls 503 plulis
03 40 ¢ yezme 3 «(Venn diagram) O3 sl sai 1 eslazal L
V5l 2SS CLLMQTL (15 55 &1y slad5 o S ke
Sl osls il (S 5 ekt slad 5 U
53 Bls Gl m S ke 05 YIVY 5, s RNA-seq
Sheds grie Sl Ol Lol s MQTL bl pla
(8 JS8) s plelis RNA-seq sls esls 5 al,T5 5 (gleesls

S S el 5 S el alulis
a4 edias mul gl 55 S (s hlS slads plabs g
ola T 5,5 5 s (5lesl MQTL 15 s Bl S
o5 el s et (HUD) Ols gle0) o b .25 5 13
C;-w‘ O.LAT 2 d}.l}- DL t}.hl.vj)€.3 d))‘ L L;;.«:—

5L BMQTL (PVE) 55 bl oS0l ol auls
OF Jldis cp 2 5 39 0328 Lo VYWY b do s Y/OY
Oluabl dhsls 55 4 ojled p g0 S 4 by e (Ao )2)V/FY)
Sl €M) 08,5 sle 2 51 LMQTL (gl dwys A0
4 by VopsisesS s (UGSFT78- UGSFT79) fol s
(UGSF433- UGSF467) |olss sl » VV/6VeM & MQTL5
2 o (M) A SLOK MQTLS 5 Y 55505 5 55
s LA oyl p5pes S 55 MQTL2 & by e QTL sl
3 MQTL5 & Ly e QTL sldw o 2eS 5 55 45 YAQTL
YQTL sls L5 Y ojlad slapsssms,S 53 o5 54 MQTL3
ahols Sike L OMQTL sltas Yoslat ps305,8 3 55 sl
5> MQTL2 wus Lo 084 e £/YA Oluabl
UGSF187-) sl Sl o 8l ¥ ool paspesS
Jsdor 5 ¥ S8 el LU s 5 Sas i L (UGSF211
ol o Sle L EMQTL 3las ¥ osled psssa5,S 3 (Y
53 MQTLA s Lol 085 Sl 0FY Oluabl
-UGSF866) (sl SLis opm Bl Tl paisesS
(e el LS ol Cunss ciw L (UGSF858
sl S o @3l o554 MQTL3 5 MQTLS (MQTL6
s (UGSF801-UGSF1008)  (UGSG810-UGSF807)
035 i) ko LY pa5se5,S 55 (UGSF882-UGSF781)
L EMQTL sls £ ojlad psises S 53 s bliyl 5o
A GLOKe 08 s sl VAT Slebl dol o Sle
~UGSF981) sla Sl o wls £ ps5505S 53 MQTLS
0333035 53 el Bl > 5 Slas o L (UGSFO87
¥/00 Olebl dol o Kle L eMQTLslws 4 ol
b S o &3l MQTLS 5 s Lol O 5e 5l
byl s wiy, 4 by oliv L (UGSF128-UGSF125)
ol Sba b EMQTL3IS 0 ojled pyssas S L3 s
5 MQTLA MQTL3 s Lo O 5e Sl £/40 Oliabsl
UGSF354- ) o Sl o @3y i se MQTL2
- UGSF337) , (UGSF365-UGSF360) (UGSF359

VFe) lawsl g 5l /) 0 losls /o203l 09 [ s § (sl 9 S § (it -



oL 5 S S e 3 3 3500 a0 plulis
Chr4 Chr3 Chr2 Chrl
0.0 UGSF675 0.0 UGSF159
0.0 UGSF886 UGSF674 1.0 UGSF160 g= 0.0 UGSF400
17 UGSF887 17 5 40 UGSF401
38 UGSF888 3.1 UGSF673 22 UGSF158 M- :
) 9.2 UGSF872 85 UGSF162 103 UGSF404
366 UGSF895 430 UGSF187
492 UGSF898 'gd =1 il lZ I UGSF211 I§J ggg 882E2§;
50.1 M~ UGSF905 & m= paA - UGEEIAZ g 5357\ UGSF423
523 UGSF924 765 UGSF866 Ig 60.8 uGsF433 i
635 UGSF947 Ig 88.7 UGSF8sg ®* o
723 UGSF957 = 85.9 ~gt- UGSF242 __ 83.9 UGSF467
107.0 UGSF1008 g 937 } ggggﬁ KE P 95.3 UGSF489
96.0 98.4 UGSF488 m=
87.1 —g UGSF981 126.2-J1 UGSF801 Iw 1023 T~ UGSF250 99.9-T < UGSF484 =
z 131.8 UGSF807 .=
107.8 UGSF986 - 133.7 UGSG810 1%;2 gggiggg
Toa.t o d 1360-\W ucsF27s IS
11097 |+ UGSF968 170.6 | |- UGSF814 136.6 - UGSF277
126.6 UGSF989 173.9 UGSF815 137.7 UGSF278 1429 UGSF500
128.4 UGSF990 177.6 UGSF816 1419 UGSF279 1458 UGSF501
Chr9 Chr8 Chr7 Chr6 Chr5
00~ _,UGSFE06 — 0.0 ~- UGSF310
gg 382; 0.0 -~ UGSF504 1.0 ~F{- UGSF607 0.0 -~ UGSF&76 58 J1- UGSF300
147~]] uGsFo 7.6 ~i- UGSF611 7.9 ~Li- UGSF704 9.2 T~ UGSF308
199 UGSF10 4.8 -1 UGSF505 92 UGSF612 g= 90 | [N UGSF703
o [l o 121 vesre17 I 141 UGSF701
- 17.6 /| [N UGSF622 I:
335 UGSF15 & s —
430~L-UGSF21 _=
452 UGSF23 -u 33 I UGSF626 Ig
646-g-UGSF30 m= 1211 UGSF508 46.5—[1-UGSF652 659 —@— UGSF332 g=
UGSFB91
74.4 M- UGSF49 E s I Iz YABIUGSFSC&?I"
88.1 UGSF81 lz 281 UGSF508 65.5 UGSF648 529 UGSF686
%.5—1-UGSFoe W= I |; I Ii 956 —g— UGSF354 g
358 UGSF512 e s 657 UGSF713 07.3 UGSF359 &
36.8 -~ UGSF517 I |§ 087 gggggg s
UGSF732 19.3
9%62~[| UGSF779 _= Tt 243/~ UGSF371 [
125 M Uosria i 7.0 [T\ UGSF778 328 {1~ UGSF376 ™
2 [ uesras  470-{{-UGSFs34 1076 - vasFrr7 809~ | uGsF74a7 415+ UGSF387
155.2 UGSF143 495 —=— UGSF335 113.0 -5 UGSF776 907 =~ UGSF748 50.5 UGSF388

Plaops 03 6l ps5sa5S S5 2 S S L B Dl ol edd glulid GLMQTL cond g -1 S
Figure 3. MQTL positions for traits associated with the drought tolerance
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Table 3. Results of meta-analysis of the QTLs controlling drought tolerance traits in foxtail millet

Left

Right

M_QTL Cl(cM) marker marker Chr QTLS Trait Study

(Ellsworth et al., 2020; Feldman et al., 2017; Mauro-Herrera
1 MQTL7_5 0.39 UGSF779  UGSF778  Chr7 16 B,HN,TWS & Doust, 2016)
2 MQTL3_6 0.95 UGSF807  UGSG810  Chr3 11 BN, TY (Doust et al., 2009; Liu et al., 2016)
3 MQTL9_2 1.09 UGSF21 UGSF23 Chr9 28 B,H,N,TWS,Y  (Fuller, 2006; Lata et al., 2010)

(Ellsworth et al., 2020; Mauro-Herrera & Doust, 2016; Qie et
4 MQTL4_1 1.52 UGSF489  UGSF486  Chrl 13 H,T,WS al., 2014)

(Ellsworth et al., 2020; Liu et al., 2016; Mauro-Herrera &
5 MQTL9_1 177 UGSF13 UGSF15  Chr9 11 B,HN,WS)Y  Doust, 2016)

(Liu et al., 2016; Mauro-Herrera & Doust, 2016; Qie et al.,
6 MQTL7_2 2.76 UGSF617 UGSF622  Chr7 13 B,T,Y,PLR 2014)
7 MQTL2_1 3.16 UGSF158 UGSF162 Chr2 11 T,WS (Feldman et al., 2018; Mauro-Herrera & Doust, 2016)
8 MQTL9_5 3.33 UGSF125  UGSF128  Chr9 20 B,H,T,WS,R (Feldman et al., 2018; Qie et al., 2014)

(Feldman et al., 2018; Feldman et al., 2017; Mauro-Herrera &
9 MQTL2_7 3.38 UGSF268 UGSF273  Chr2 7 H,N,WS Doust, 2016)
10 MQTLS8_1 3.84 UGSF508  UGSF512  Chr8 13 B,HN,Y (Liu et al., 2016; Mauro-Herrera & Doust, 2016)
11 MQTL2_4 3.92 UGSF242 UGSF243  Chr2 5 B,H,T,WS (Ellsworth et al., 2020; Mauro-Herrera & Doust, 2016)
12 MQTL9_4 4.2 UGSF81 UGSF96  Chr9 11 B,H,N,T,Y (Liu et al., 2020a; Mauro-Herrera & Doust, 2016)
13 MQTL5_5 422 UGSF371 UGSF376  Chr5 5 H,T,WS (Feldman et al., 2018; Mauro-Herrera & Doust, 2016)

(Feldman et al., 2018; Liu et al., 2020a; Mauro-Herrera &
14 MQTL6_3 4.35 UGSF713 UGSF732  Chr6 8 H,TWSY Doust, 2016)

(Ellsworth et al., 2020; Feldman et al., 2018; Mauro-Herrera
15 MQTL4_4 442 UGSF947 UGSF957  Chr4 7 T,WS & Doust, 2016)

(Ellsworth et al., 2020; Feldman et al., 2018; Mauro-Herrera
16 MQTL5_2 4.46 UGSF332  UGSF337 Chrb 13 B,HN,T & Doust, 2016; Qie et al., 2014)
17 MQTL2_5 4.63 UGSF246 UGSF250 Chr2 7 B,H,T,WS (Feldman et al., 2018; Mauro-Herrera & Doust, 2016)
18  MQTL3 3 4.64 UGSF781  UGSF882  Chr3 6 B,H,Y Feldman_(2014),Doust_(2016),Ellsworth_(2018),Liu_(2019)

(Feldman et al., 2018; Liu et al., 2020a; Mauro-Herrera &
19 MQTL9_3 4.89 UGSF39 UGSF49  Chr9 8 B,HN,T,Y Doust, 2016)

(Liu et al., 2020a; Mauro-Herrera & Doust, 2016; Qie et al.,
20 MQTL6_1 5.02 UGSF701  UGSF697  Chr6 9 B.HY 2014)

(Feldman et al., 2018; Liu et al., 2020a; Mauro-Herrera &
21 MQTL6_2 5.24 UGSF691 UGSF686  Chr6 11 B,H,T,Y,WS Doust, 2016)
22 MQTL5_4 5.28 UGSF360  UGSF365 Chrb 6 B,T,WS,R (Ellsworth et al., 2020; Mauro-Herrera & Doust, 2016)

(Ellsworth et al., 2020; Liu et al., 2020a; Mauro-Herrera &
23 MQTL7_4 5.39 UGSF648  UGSF658  Chr7 8 HN,T Doust, 2016)

(Ellsworth et al., 2020; Feldman et al., 2018; Mauro-Herrera
24 MQTL5_3 5.85 UGSF354  UGSF359  Chrb 8 B,N,T,WS & Doust, 2016)

(Ellsworth et al., 2020; Feldman et al., 2018; Liu et al., 2016;
25 MQTL3 4 6.12 UGSF866 UGSF858  Chr3 5 H,WS,Y Mauro-Herrera & Doust, 2016)

(Feldman et al., 2018; Feldman et al., 2017; Mauro-Herrera &
26 MQTL4_2 6.31 UGSF895  UGSF898 Chr4 7 H, T, WS Doust, 2016)

(Feldman et al., 2018; Liu et al., 2020a; Mauro-Herrera &
27 MQTL2_2 6.34 UGSF187 UGSF211  Chr2 5 HTY Doust, 2016)

(Ellsworth et al., 2020; Liu et al., 2020a; Mauro-Herrera &
28 MQTL7_3 6.6 UGSF626  UGSF632  Chr7 9 B,H,T,WS Doust, 2016)
29 MQTL4_3 6.8 UGSF905  UGSF924 Chr4 3 N,T,WS (Ellsworth et al., 2020; Mauro-Herrera & Doust, 2016)
30 MQTL3_5 9.57 UGSF1008 UGSF801  Chr3 3 B,Y (Liu et al., 2020b; Mauro-Herrera & Doust, 2016)
31 MQTL4 5 10.33 UGSF981 UGSF987  Chr4 3 H,N,Y (Liu et al., 2020b; Mauro-Herrera & Doust, 2016)
32 MQTLL 3 11.57 UGSF433 UGSF467  Chrl 11 B,H,T (Liu et al., 2020b; Mauro-Herrera & Doust, 2016)
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Figure 4. Venn diagram of differentially expressed genes (DEGs) derived from RNA-seq and microarray data compared to (a) the genes
located in 4AMQTLs regions with CI of less than 1Mb (b) all MQTLSs regions

HAlases 030 52 MQTL _~5 s ) SNES 4y ek Fel sl S s e glulis Ols 05 Cow gd =8 J g
Table 4. List of hub genes identified in the network of drought responsive genes located in MQTL regions at Setaria italica.

cellular Functional category

Setaria ensemble

MQTL  Algorithm . Gene name
location of the gene ID
MQTL7_5 closeness chloroplast metal ion binding probable lipoxygenase 6 LOC101783519 1
MQTL7_5 closeness chloroplast regulation of histone deacetylase 14 LOC101766996 2
photosynthesis
MQTL7_5 closeness cytoskeleton ATP binding actin-7-like LOC101779009
MQTL7_5 closeness Cytosol RNA binding 60S ribosomal protein L3 LOC101769426 4
MQTL7_5 Degree Nucleus translation ubiquitin-40S ribosomal protein ~ LOC101764267 5

MQTL7_5 Degree Mitochondrion

MQTL7_5 Degree Cytosol
MQTL7_5 Degree Nucleus

Oxidoreductase

translation

Transcription
regulation

S27a-2
2-oxoisovalerate dehydrogenase  LOC101765211 6
subunit alpha 2, mitochondrial

60S ribosomal protein L3 LOC101769426 7

transcription factor E2FA LOC101754019 8

&l MQTL2 (Kouretal,, 2020) ool Six 25 4 Jooo
s BLE s e ey Sde L paises S S
05 usby dby bl s s o8 MQTL gaslas 5 pioman
S KL G @Bl MQTLO_ 4 s el absses 05
s GolS es g Caws S sl chr9_bind7- chr9_bin50
Ol liselsl ahools [2alS L ke 5JUT .(Wang et al., 2019)
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